Finite element analysis is used to model the electrical properties of cervical cells in the frequency range 100Hz-10MHz. Tissue models containing cell arrangements and characteristics typical of precancerous tissue produce different impedivity spectra from those derived from normal tissue. These results support clinical data collected with a four electrode pencil probe.
Introduction:
The frequency-dependent electrical behaviour of a single cell is determined by the conductivity of the intra-and extra-cellular spaces, and the permittivity of the membrane [1, 2] . The presence of the nucleus can also affect the characteristics. The complex electrical impedivity of tissue will thus be determined by the dimensions, internal structure and arrangements of the constituent cells.
Cervical squamous epithelium is a highly structured, stratified tissue that exhibits changes during precancerous development, often called cervical intraepithelial neoplasia (CIN). Fig. 1 shows a schematic interpretation of the progress from normal to CIN 3. The changes include an increased nuclear-cytoplasmic ratio, loss of the layer of flattened cells close to the surface and an increase in the volume of extra-cellular space [3, 4] .
Normal tissue model:
The finite element technique is a numerical analysis method. It is used to calculate an approximate solution for the potential distribution within a volume partitioned into elements. It has previously been used to characterise the electrical behaviour of biological tissues [5] .
Finite element models of cells that occupy different layers in normal cervical epithelium were developed. Each cell was assumed to be cuboidal, and included volumes representing the nucleus, nuclear membrane, cytoplasm and cytoplasmic membrane. A volume of extra-cellular space was also included at the cell surface. The dimensions of these compartments were chosen to mimic the true cell structures, based on studies of the ultrastructure of cervical epithelium [6] . Each compartment was assigned electrical properties based on conductivities and permittivities quoted in the literature [7, 8] . Dimensions and electrical properties are given in Tables 1 and 2 .
Single cell models were meshed together and solved to obtain the electrical properties of each cell type averaged over many cells. A 'macroscopic' 35 000 element model representing 20 × 20 × 6.5mm of normal epithelial tissue was then constructed. It consisted of 0.1mm depth of each of the four epithelial layers, underlain by a 100nm layer representing the basement membrane and a further 6mm layer representing the stroma. Basement membrane was assigned a conductivity of 0.1mSm -1 . The properties assigned to the stroma were based on based on those of smooth muscle. The model also included an array of four surface electrodes, resembling the system used to collect in vivo measurements [9] . The mesh density of the model was gradually reduced away from the electrodes (Fig. 2) .
Current was injected between one pair of adjacent electrodes, and the potential calculated at the second pair was used to obtain a complex transfer impedivity for the modelled tissue at eleven frequencies in the range 100Hz-10MHz. , (CIN 3) . The cellular dimensions used in this model are given in Table 1 . The electrical properties assigned were the same as those used to model normal tissue.
Results: A comparison of the real part of the transfer impedivity variation with frequency, for normal and CIN 3 tissue models, is shown in Fig. 3 , along with the range of measured data taken from [9] . It can be seen that normal and precancerous tissue have significantly different characteristic curves in the case of both the modelled and the measured data. In particular, the abnormal tissue model has a much smaller low frequency impedivity than normal tissue. The modelled data shows an approximate factor of 3 reduction in low frequency impedivity between normal and abnormal spectra. This factor is, on average, 5.4 for the modelled data.
Discussion: At low frequencies, the capacitive cell membranes have a high impedivity, and current is confined to the narrow extracellular pathways of the highly structured epithelium. This results in a high electrical resistance. However, in pathological tissue, these pathways are significantly wider [4] , and thus will offer less resistance. In addition, the reduction in cell volume diminishes the most tortuous pathways around the highly flattened cells present in normal epithelium. The expected effect of these changes is a large reduction in low frequency impedivity, as observed in both the measured and modelled data. The effect is less for the modelled spectra than the real data. This may arise from an underestimation of the increase in extra-cellular space.
Conclusion:
Finite element modelling has been used to demonstrate that there are changes between the electrical impedivity spectra obtained from normal and precancerous epithelial tissue. These changes are similar to those observed in real measurements taken from the cervix, and can be explained in terms of the known changes in tissue and cell structure. Ultimately, this method could aid the development of an improved method for the early detection of cervical precancer.
